Increased dopamine catabolism may be associated with oxidative stress and neuronal cell death in Parkinson's disease. The present study was carried out to examine the effect of dopamine on the expression of heme oxygenase-1 and -2 (HO-1 and HO-2) in human neuroblastomas (SK-N-SH cell line) and the effects of selegiline and antioxidants on this expression. Cells were kept with close control of pH and were incubated with varying concentrations of dopamine (0.1-100 µM) for 24 h. HO-1 and HO-2 cDNA probes were prepared by reverse transcription-polymerase chain reaction amplification. The mRNA expression of HO-1 and HO-2 was measured by Northern blot analysis. The levels of HO-1 mRNA increased after dopamine treatment, in a dose-dependent manner, in all cell lines studied, whereas levels of the two HO-2 transcripts did not. The HO-1 and HO-2 protein expression was analyzed by Western blotting. HO-1 protein was undetectable in untreated SK-N-SH cells and increased after treatment with dopamine. In contrast, the HO-2 protein (36 kDa) was detected in untreated cells and the levels did not change as a result of treatment. α-Tocopherol (10-100 µM) and ascorbic acid (100 µM) did not attenuate the effects of dopamine. Selegiline (10 µM) produced significant increase (P < 0.01) in the induction of HO-1 by dopamine (more than six times the control values). The increased expression of HO-1 following dopamine treatment indicates that dopamine produces oxidative stress in this cell line. 
Introduction
Idiopathic Parkinson's disease (IPD) is characterized by a loss of dopamine in the striatum caused by degeneration of dopaminergic neurons in the zona compacta of the substantia nigra (1) . Oxidative stress is a feature of the biochemical pathology of the disease and may mediate the neuronal loss (2) (3) (4) . Dopamine catabolism results in the production of reactive oxygen species, in particular hydrogen peroxide, by both enzy-matic (monoamine oxidase B; MAO-B) and nonenzymatic pathways (2) . Thus, dopamine itself may be the primary agent at the heart of the degenerative process. Furthermore, selegiline, a specific inhibitor of MAO-B, is commonly used in conjunction with L-3,4-dihydroxyphenylalanine (levodopa) in the treatment of IPD.
Heme oxygenase (HO) is the rate-limiting enzyme in heme catabolism. It catalyzes the degradation of heme to biliverdin, with the concurrent release of iron and carbon monoxide (5, 6) . In humans two HO isoenzymes, the products of distinct genes, have been characterized to date (7, 8) . HO-1, an inducible enzyme, is a stress response protein (6) . HO-1, but not HO-2, is strongly induced by heme, metals, sulfhydryl compounds, hormones, and certain adverse conditions such as oxidative stress (9) (10) (11) . The chemical diversity of HO-1 inducers has led to the speculation that HO-1, in addition to its role in heme degradation, may also have a vital function in maintaining cellular homeostasis (12) . Thus, regulation of HO-1 may have a role in conferring cytoprotection to vulnerable neurons in the presence of sustained oxidative stress. Increased HO-1 expression has been reported in neurodegenerative diseases, such as Alzheimer disease and IPD (13) (14) (15) (16) . HO-1 immunoreactivity has been recently demonstrated in the substantia nigra Lewy bodies of IPD (16, 17) . However, the cause and significance of the altered expression are unclear. It has been reported that dopamine induces the expression of HO-1 in glial-derived cell lines and human endothelial cells (18, 19) .
In this study we investigated the effects of dopamine on the levels of mRNAs encoding HO-1 and HO-2 and protein levels in SK-N-SH neuroblastoma, a catecholaminergic human cell line, to determine whether these cells express HO-1 and whether expression is related to cell survival. The effect of selegiline and antioxidants on HO regulation was also investigated.
Material and Methods

Treatment with dopamine
The human neuroblastoma (SK-N-SH) cell line was obtained from the European Collection of Animal Cell Cultures, Porton Down, Salisbury, UK. The cells were cultivated in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, L-glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 µg/ml) (Sigma, Poole, UK). Cells were kept in a humidified cell culture incubator at 37ºC under 5% CO 2 with close control of pH.
On day 2 after plating (about 70% of cell confluence) the cells were treated with 0.1-100 µM dopamine (Sigma, St. Louis, MO, USA) for 24 h. Flasks maintained under the same conditions but without exposure to the drugs served as control.
Treatment with dopamine and antioxidants
On day 2 after plating, SK-N-SH cells were treated with either 10 or 100 µM dopamine plus either selegiline (10 µM) or α-tocopherol (10, 50, 100 µM) or ascorbic acid (100 µM), or the appropriate control solution. Dopamine, ascorbic acid and α-tocopherol were purchased from Sigma, and selegiline was obtained from Aldrich Chemical Company Inc. (Milwaukee, WI, USA). Total RNA (2 µg/lane), isolated from the cell lines using RNAzol™ B reagent (AMS Biotechnology, Benelux, UK) was electrophoresed on 1.0% agarose gel containing 2.2 M formaldehyde, transferred to a Hybond-N nylon membrane (Amersham, Little Chalfont, UK) and fixed by UV irradiation. The blots were probed with 32 P-labeled cDNAs (HO-1, HO-2 and ß-actin) by the method of Sambrook et al. (20) . The relative amounts of radiolabeled cDNA that hybridized to the blots were quantified by densitometric analysis of autoradiograms (LKB 2202 laser densitometer, Pharmacia Biotech, St. Albans, UK) and normalized to ß-actin levels to control for loading errors. HO/ß-actin signal ratio was set at an arbitrary value of 1 in control experiments (untreated control). Experiments were repeated at least three times.
HO-1 protein estimation by Western blotting
For the Western blot analysis, cells were lysed with 10% Triton X-100 and vortexing. Soluble lysate samples (20 µg protein/lane determined by BioRad DC protein assay; BioRad Laboratories, Watford, UK) were fractionated by SDS/polyacrylamide gel electrophoresis, and transferred to a nitrocellulose membrane using a Trans-Blot transfer cell (Pharmacia Biotech). Membranes were exposed to rabbit anti-HO-1 or anti-HO-2 (Affinity Research Products Limited, Exeter, UK) diluted 1:1000 and then to alkaline phosphatase conjugated sheep anti-rabbit IgG (1:2000) (Binding Site Limited, Birmingham, UK) and the color was developed using Sigma Fast™ BCIP/NBT tablets prepared according to manufacturer instructions.
Cell viability
Cell viability was assessed by Trypan blue exclusion and by lactate dehydrogenase (LDH) release assays (21) . The viability of treated cells was expressed as percentage in relation to the untreated cells. Cytotoxicity was measured using the CytoTox 96 ® Assay from Promega. This method indirectly measures the release of LDH. For this assay the cells were plated and treated in 96-well cell culture plates and the assay was performed according to manufacturer instructions.
Lipid peroxidation assay
Lipid peroxidation was assessed in SK-N-SH cells treated with either 0 or 100 µM dopamine by the assay of malonaldehyde using the Oxis International Inc. kit (R&D Systems Ltd., Abingdon, UK) according to manufacturer instructions for cultured cells (approximately 5 x 10 6 cells per extraction). treated cells.
HO-1 (32 kDa) protein was not detected in the control (not treated with dopamine) homogenates from SK-N-SH but was present at detectable levels after treatment with dopamine (1-100 µM). HO-2 protein was observed in untreated cells and the levels did not change as a result of dopamine treatment (Figure 2) .
Up-regulation of HO-1 was inversely correlated with survival. Exposure to increasing dopamine concentrations was cytotoxic to the SK-N-SH cell line analyzed. Increasing exposure to dopamine caused a progressive decrease in cell viability assessed by LDH release and Trypan blue exclusion. The survival of treated cells expressed as percentage of the viable untreated cells was as follows: 100% with 0.1 µM dopamine, 100% with 1 µM dopamine, 62% with 10 µM dopamine, 54% with 50 µM dopamine, and 42% with 100 µM dopamine. The experiments were repeated six times. The percentages of cytotoxicity, estimated by LDH release for SK-N-SH (repeated five times) were as follows: 0% with 0.1 dopamine, 0% with 1 µM dopamine, 14% with 10 µM dopamine, 21% with 50 µM dopamine, and 29% with 100 µM dopamine. HO-1 mRNA levels were inversely correlated with cell survival in each case. Dopamine toxicity positively correlated with HO-1 induction.
The decrease in cell survival as a result of dopamine exposure was accompanied by an increase in lipid peroxidation. Malonaldehyde levels in untreated cells and in cells treated with 100 µM dopamine ranged respectively from undetectable to 0.071 µM and from 0.056 to 0.37 µM malonaldehyde/mg extracted protein (N = 6 extractions per group; P < 0.01, Mann-Whitney U-test).
Effect of antioxidants on dopamine-induced HO-1 expression in SK-N-SH cells
Dopamine-induced reduction in cell viability was not attenuated by antioxidants (α- The amount of malonaldehyde determined was corrected for protein extracted, assayed by the method of Bradford (22) . (Figures 3 and 4) .
Results
Effects
Discussion
Exposure to dopamine induced steadystate HO-1 mRNA levels in the human neuroblastoma SK-N-SH cell line. Neuroblastoma derives from embryonic sympathetic tissue and these cells have been widely used as an in vitro model system to investigate catecholamine metabolism in Parkinson's disease. In contrast, the two HO-2 transcripts were evident in all cell lines tested and were not induced by dopamine treatment. Levels of intracellular HO-1 protein mirrored the changes seen with the mRNA. The pattern of regulation observed here was similar to that seen in other situations where oxidative stress was induced, i.e., HO-1 is highly sensitive, whereas HO-2 is refractory (23) . Given that dopamine metabolism generates oxidative free radicals, as evidenced again here by the increase in lipid peroxidation products, the induction of HO-1 seen here would seem to be a consequence of the formation of these free radicals. In another study, pre-treatment of cultured C6 glioma cells with a dopamine antagonist failed to attenuate HO-1 induction by dopamine. This suggested that dopamine induction of HO-1 is not mediated by conventional dopamine receptors. This conclusion was supported by the finding that neither D1 nor D2 agonists activated HO-1 expression in C6 cells (18) .
Co-exposure to classical and therapeutic antioxidants failed to attenuate the dopamine- induced increase in HO-1 expression and reduction in cell viability. Rather, selegiline, a specific MAO-B inhibitor, enhanced dopamine-induced HO-1 expression and reduced cell viability further compared with treatment with dopamine alone. This would suggest that the antioxidants were rapidly metabolized or were in a separate intracellular compartment compared with that where the free radicals were generated. Nevertheless, the antioxidant results agree with the assessment of their therapeutic effectiveness in vivo.
A similar observation of an in vitro cytotoxic effect of selegiline has been shown in SH-SY5Y cells treated with dopamine (24) . The results suggest that the toxic effect of dopamine is enhanced by selegiline. Dopamine levels would of course be increased due to the blocking of oxidative deamination by selegiline. The mechanism of selegiline-enhanced toxicity, however, is still unclear. The lack of effect of MAO-B inhibitors suggests an involvement of enzymatic mechanisms in dopamine toxicity. Overall, it appears that the toxicity of dopamine involves more auto-oxidation than enzymatic metabolism to produce reactive oxygen species. If dopamine auto-oxidation results in toxicity, this may occur via reactive semiquinone or quinone formation, leading to generation of free radicals. Although selegiline by itself did not produce any change in HO-1 expression, cells exposed to dopamine plus selegiline showed higher levels of HO-1 mRNA compared to cells exposed to dopamine only.
Selegiline rather than reducing the dopamine-induced toxicity in vitro actually enhances it. This finding seems to be related to a controversial issue, namely, that selegiline can cause an increase of the mortality of Parkinson's disease patients following chronic treatment with the drug (25) .
Selegiline alters the gene expression of HO-1 in neuroblastoma cell lines treated with dopamine. This is perhaps an indication that the interaction between selegiline and dopamine exacerbates the cytotoxicity to SK-N-SH cells. Interestingly, research has shown that selegiline can induce altered expression of a number of genes in neurons including the genes for superoxide dismutase 1 and 2 and catalase (26, 27) . It has been suggested that the above changes in gene expression appear to reduce oxidative radical damage (28) . Nevertheless, our findings suggest that selegiline in fact may be toxic to dopaminergic cells treated with dopamine, and that HO induction may possibly be induced by an increase in the oxidative stress condition. Because the enzymatic route is inhibited, more toxic radicals could be formed by a non-enzymatic pathway.
Our findings suggest that the apparent toxic effect by selegiline observed in some in vivo (25) and in vitro (24) studies may be due to potentiation of dopamine toxicity. The mechanism of selegiline-enhanced toxicity, however, is still unclear.
Many studies have suggested that HO-1 is a major cell defense protein, assisting other antioxidant systems in protecting cells from oxidative stress (9, 10) , particularly when the levels of other cellular antioxidant systems are inadequate, as in IPD (29), because bilirubin is an effective scavenger of reactive oxygen species. However, increased levels of carbon monoxide and iron may not necessarily be beneficial (30) . In the absence of the ability to synthesize ferritin, free iron may initiate oxidative radical formation. Even if ferritin synthesis is stimulated, it is possible that effective concentrations may not be achieved in the nuclear compartment, the site where ferritin is most needed to chelate iron (31) . Interestingly, elevated iron levels with unchanged ferritin levels have been identified in the substantia nigra of IPD patients (32) , and iron deregulation in the brain is thought to contribute to oxidative damage in both Alzheimer's disease and IPD (33, 34) . Carbon monoxide, a possible neurotransmitter, is akin to nitric oxide in that it is capable of stimulating cyclic guanosine monophosphate production (35, 36) . Generated in excess in disease states, however, carbon monoxide possesses cellular effects that may impair cell vitality (31) .
The present study showed that dopamine induces HO-1 in the neuroblastoma cell line and induction is inversely correlated with cell viability. The increased HO-1 expression is strongly indicative that dopamine produces oxidative stress in these cell lines, but coexposure to dopamine and antioxidants did not attenuate the induction or the effects of dopamine on cell viability.
